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Silicon-based electronic devices have been widely used over the past decades. However, as device size is scaled down to the nanometer level, it is foreseen that nonsilicon devices are going to emerge. The recent success of isolating graphene from a graphite sheet provides a new opportunity of using graphene as a new material for making carbonbased devices. 1, 2 Graphene, a single atomic layer of graphite, has many unique physical properties and can be used in various applications. [2] [3] [4] Graphene can be viewed as an unrolled single-walled carbon nanotube ͑CNT͒. The flat structure makes graphene more useful than CNTs because various graphene device can be made out of a continuous graphene sheet using direct focused electron or ion-beam lithographies. After etching, one can obtain the patterned graphene strips or graphene nanoribbons ͑GNRs͒. GNR has a unique quasi-one-dimensional structure and exhibits various remarkable properties. Armchair or zigzag GNR ͑Z-GNR͒ are two typical types of GNRs. These GNRs can be either metallic or semiconducting depending on their widths and edge conformations. 5 In addition, Z-GNR has very low sensitivity to edge disorder and substrate-induced disorder. It can transmit currents about an order of tens of microamps when the bias voltage is applied within 0.5-1.0 V, 6 which is very suitable for device application. In this paper, we present a negative differential resistance ͑NDR͒ device based on a doped Z-GNR junction. The electron transport in this Z-GNR device not only follows the conventional resonance tunneling rule, but also the special chiral matching rule. Combining with the symmetry of the eigenstates in the Z-GNR, we discover a general rule about the chiral matching condition. This finding provides us insights to understand carrier transport in GNRs.
We perform the calculations using the nearest neighbor orbital tight binding model. The undoping on-site energy ⑀ and hopping parameter ␥ are set to be 0.0 and −2.66 eV, respectively. The width of Z-GNR is defined by the number of zigzag lines ͑integer W͒ along the periodic direction ͑x direction, as shown in Fig. 1͒ . In the absence of bias, the Z-GNR could be divided into left ͑part A͒ and right ͑part B͒ parts through doping in the left part of the Z-GNR. Following the work of Farajian et al. 7 the doping shifts on-site energy from zero to U A in the left part. When external potential bias V applied to the two sides of the system, the on-site energy of part A is shifted to V + U A , while the on-site energy is fixed at zero for part B. In our following calculation, we assume a sharp potential drop between the left and right parts. The detailed potential profile at the interface can be determined by the self-consistent calculation, however, our simulations show that the I-V curves are not sensitive to the shape of potential profile. Therefore, our results are reliable in absence of the self-consistent calculation, the similar results have also been pointed out by Farajian et al. 7 The conductance of the Z-GNR junction is calculated based on the Landauer-Büttiker formula G = ͑2e 2 / h͒T͑E , V͒. Here, T͑E , V͒ is the transmission coefficient obtained by using Green's function, 8 Figures 2͑a͒ and 2͑b͒ present the calculated conductances for a Z-GNR junction with width of W = 4 and U A = 0.1 eV. With increasing the applied bias V, the number of conducting channels and the conductance of Z-GNR change as well. However, there always exists an energy region where the conductance is zero. The ranges of zero conductance are 0-0.6 and 0 -1.1 eV for V = 0.5 and 1.0 V, respectively. Clearly, this gap region becomes wider as the bias voltage increases from 0.5 to 1.0 V. Beyond this special region, the conductance increases and follows the same steplike curves as the conductances of CNTs. However, the cause of the zero conductance is totally different from what we have learned so far about the electronic properties of graphene. Because the Z-GNRs are metallic based on the tight binding calculation, it is hard to imagine that its conductance can become zero. Recent DFT studies also show that when considering the spin effect, there exists a gap for the narrow Z-GNR due to the edge magnetization, 9 and the gap exponentially decreases with the increasing width of the ribbon. However, for the wider Z-GNR, these edge states' effect will become weak and DFT results should be consistent with the tight binding results. In the following section, we propose a selective tunneling rule to explain this zero conductance phenomenon, which is an intrinsic property of the Z-GNR and does not depend on the width of Z-GNR. For simplicity, we just use a narrow ribbon in our calculation.
In order to explain this abnormal zero conductance observation, the band structures of the Z-GNR device for both parts A and B are plotted in Fig. 2͑c͒ . Here, W =4, U A = 0.1 eV, and V = 1.0 V. There are eight subbands denoted with index number n for the Z-GNR. n = 4, 3, 2, and 1 are conduction subband indexes, while the valence subbands' indexes are nЈ = −4, −3, −2, and −1. The energy band of part A will move upward by 1.1 eV compared to the energy band of part B. In our calculations, we focus on the phase-coherent transport properties and, thus, the energy is conserved during the tunneling process. Therefore, in the energy region between 0 and 1.1 eV ͓labeled with two dashed lines in Fig.  2͑c͔͒ , only the first valence subband ͑n =−1͒ of part A and the first conduction subband ͑nЈ =1͒ of part B contribute to the electron tunneling. Intuitively, the conductance should be G 0 =2e
2 / h within this energy region because these subbands provide one tunneling channel. However, our numerical result in Fig. 2͑a͒ shows that the conductance is zero in this energy range. In other words, the tunneling between such two subbands ͑n = 1 and nЈ =−1͒ is forbidden. This abnormal phenomenon indicates that in addition to the conventional resonance tunneling condition, there must exist other selective tunneling rules that determine the tunneling process between such two subbands.
In general, the electron in graphene is often called "chiral electron." Following the work of Katsnelson et al., 10 the above mentioned abnormal selective rule is named "chiral tunneling rule." Within this rule, each subband has a chiral and the tunneling between two subbands is only allowed when the chiral of both subbands are matched. Therefore, the result of zero conductance in Fig. 2 can be explained. Since the chirals for n = −1 subband and nЈ = 1 subband do not match, the tunneling process between them is forbidden. Beyond these regions, the first conduction bands ͑n = 1 and nЈ =1͒ of parts A and B can contribute to the conductance since the same band index has the same chiral and the tunneling between these two subbands is allowed. It is why the conductance increases to G 0 in the positive energy region. Similarly, in the negative energy region, the contributions from the two first valence bands ͑n = −1 and nЈ =−1͒ also result in the conductance about G 0 . Of course, more subbands can contribute to the conductance within wider energy window.
To quantitatively describe the chiral selective tunneling rule, we examine the symmetry of the eigenstates of the Z-GNR device. The Z-GNR is symmetric along the transverse direction ͑y direction, as shown in Fig. 1͒ . Their eigenstates along this direction are either symmetric or antisymmetric, 11 namely, ͗y ͉ n , k x ͘ = Ϯ ͗−y ͉ n , k x ͘, where k x is the wave vector along the Z-GNR. We calculate the eigenstates ͑͒ along the y direction with k x = 0 and found that the eigenstates labeled with subband index n = 4, 2, −1, and −3 are antisymmetric, while the other states ͑n =3, 1, −2, and −4͒ are symmetric. The in-depth study shows that this symmetric property associated with individual subbands is related to the chiral tunneling rule since the tunneling process is only allowed when two subbands have the same symmetry, otherwise the tunneling is forbidden. During the tunneling process, there are two factors contribute to the conductance. One is the density of states for parts A ͑ A ͒ and B ͑ B ͒, the other is the transfer matrix. The conductance can be approximately expressed as G͑E͒ ϰ A ͑E͒ B ͑E͉͒͗nk x ͉V ͉nЈk x Ј͉͘ 2 . By considering the fact that the Z-GNR is metallic in current calculation, their density of states are finite within the band width, so the main factor that contributes to the zero conductance is due to the transfer matrix element. To see how this chiral selective tunneling rule works, the corresponding transfer matrix elements P n,n Ј = ͉͗nk x ͉V ͉nЈk x Ј͉͘ 2 between the subband n of part A and the subband nЈ of part B are calculated. Here, V is the scattering operator coming from the sharp interface between parts A and B. For E = 0.5 eV, the tunneling only involves two subbands n = −1 and nЈ = 1. The corresponding P −1,1 = 6.23ϫ 10 −14 , which indicates that such a tunneling is forbidden since the symmetry of such two subbands are opposite. While for E = 2 eV, P 1,1 = 1.387, and for E = −0.5 eV, P −1,−1 = 0.948, the symmetries for the same index subband in both cases are the same and, thus, the tunneling is allowed. To further validate our findings, we also calculate the transfer matrix elements for E = 4.0 eV. In this case, four subbands, n = 4, 3, 2, and 1 of part A and three subbands nЈ =4, 3, and Table I . It is clear that the value of the transfer matrix element between two subbands with different symmetry is much less than that for two subbands with same symmetry. These results suggest that the tunneling is only allowed when two subbands have the same symmetry.
Next, the I-V characteristics of the Z-GNR junction with W = 4 are calculated and shown in Fig. 3 . We observe a significant NDR behavior. The exact starting value of the NDR effect depends on the initial on-site energy U A . The value of the starting voltage for the NDR and the magnitude of its peak current decreases when U A increases. This NDR effect can be easily explained by our former discussion. NDR occurs when the conductance reduced by the suppression of one conduction channel enters the integration window f B ͑E͒ and f A ͑E͒ in the integral expression of the current. As the bias voltage V further increases, current continuously decreases until other channels with the same chiral can conduct and the current begins to increase again. The NDR effect has a wide application in electronic devices including amplifiers, logic gates, memory, and fast switching devices. The unique character of the NDR in the Z-GNR device is attributed to the Dirac property of electrons in graphene. This chiral tunneling is totally different from the NDR mechanism in the Esaki diodes or other resonant tunneling devices.
In summary, using the doped Z-GNR, we design a NDR device. The origin of the NDR effect is due to the chiral tunneling, which is the unique character of Dirac electrons in graphene. We find a general rule to explain the selective tunneling. That is, the tunneling can only occur between two subbands with the same symmetry. The knowledge can help us better understand carrier transport in GNRs. 
